Statistical analysis of the effects of sintering in 316L/HAp composites by A. Dudek
 
ARCHIVES 
of 
FOUNDRY ENGINEERING 
 
 
 
Published quarterly as the organ of the Foundry Commission of the Polish Academy of Sciences 
ISSN (1897-3310) 
Volume 10 
Special Issue 3/2010
 
145 – 148 
 
28/3 
 
ARCHIVES of FOUNDRY ENGINEERING Volume 10, Special Issue 3/2010, 145-148  145
Statistical analysis of the effects of sintering 
in 316L/HAp composites 
 
A. Dudek
 
Czestochowa University of Technology, Institute of Materials Engineering,  
Al. Armii Krajowej 19, 42-200 Częstochowa, POLAND 
Corresponding author. E-mail address: dudek@mim.pcz.czest.pl 
 
Received 30.04.2010; accepted in revised form 30.05.2010 
 
 
Abstract 
 
Development of implants for the purposes of bone surgery depends considerably on advances in biomaterial engineering. This field of 
science focuses on e.g. development of biomaterials which meet even higher requirements of biofunctionality, mechanical strength, 
corrosion resistance and biocompatibility [1-4]. The goal of this study was to create metallic and ceramic composites (austenitic steel 316L 
with variable content of hydroxyapatite) and to analyse density and shrinkage in composites manufactured by means of powder 
metallurgy. A statistical analysis of the effects of sintering and correlation diagram with confidence interval were also developed. 
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1. Introduction 
 
One of the most essential problems of contemporary 
implantology is osteolysis, and, in consequence, loosening of the 
elements of endoprosthesis. This constitutes the major obstacle to 
long-term effectiveness of joint endoprosthesoplasty. 
Popular materials used for manufacturing of implants include 
metallic, ceramic and polymeric materials. These materials, 
despite a number of advantages, show several drawbacks. 
Ceramic materials, being biocompatible, are too brittle and are not 
resistant to cyclic mechanical load [1]. Metals with very good 
mechanical properties are too stiff in relation to bones and are 
also subject to corrosion under aggressive biological conditions 
[2]. Therefore, it is of particular importance to develop materials 
with improved functional properties which can be used for 
medicine. One of the proposals for obtaining this type of 
materials, which is gaining a considerable popularity today, is 
manufacturing of composite implants which combine high 
mechanical strength of metallic material with the controlled 
biological behaviour (biotolerance) of ceramic materials. This 
promising direction of investigations provides opportunities for 
development of a composite material with enhanced functional 
properties. With this aspect, composite material, which can be 
understood as a multi-component material, i.e. the material which 
is obtained through connection of at least two constituents 
(phases) which are characterized by different physical and 
chemical properties, is very attractive for designers. This is 
caused by the fact that development of metallic and ceramic 
composites is of particular interest from the standpoint of the 
expected enhanced properties, which leads to appearance of new 
materials which combine all the positive features of individual 
components.  
A fundamental problem during development of composite 
materials for medical applications is to properly select individual 
constituents of composites. Analysis of biocompatibility of a 
variety of materials used for implants reveals that the most 
distinguishing materials include ceramics based on calcium 
phosphates i.e. hydroxyapatite (HAp). 
Calcium hydroxyapatite is a main mineral constituent of bone 
with crystal size of 4-50 nm. Hydroxyapatite is a kind of store for ARCHIVES of FOUNDRY ENGINEERING Volume 10, Special Issue 3/2010, 145-148  146 
the most of calcium (99%) and phosphorus (85%) contained in 
human body. Hydroxyapatite crystals account for as much as 77% 
of the mass of organic stroma in human bones. Furthermore, 
hydroxyapatite is the main mineral component of dentin. Dentin is 
an essential part of hard tissue in human teeth. Dentin, in the area 
of crown, is covered with enamel whereas in the area of root it is 
covered with root cementum [3-4]. 
Hydroxyapatite ceramics (HA, HAp), in terms of their 
chemical constitution during heating, are stable until 1703K and 
then they irrevocably lose hydroxyl groups. At 1503K it can lose 
up to 75% of water, maintaining apatite structure.  
Application of phosphate and calcium ceramics in 
implantology due to its bioactivity, depends usually on:  
1)  porosity, 
2)  chemical and phase composition, 
3)  crystallinity degree. 
Hydroxyapatite ceramics have been widely used in dentistry, 
facial surgery, orthopaedics and otolaryngology in the form of 
shaped pieces and porous granules for replenishment of bone 
defects in the locations which do not bear mechanical load [2]. 
Moreover, hydroxyapatite ceramics are also used: 
•  in knee joint surgery, 
•  in foot surgery,  
•  as reinforcement of the acetabulum, 
•  as stabilizer in broken bones, 
•  as bone defect fillers, 
•  as implants in corpus vertebrae,  
•  as vertebral column stabilizers,  
•  as artificial tooth roots, 
•  in skull and facial skeleton, 
•  for malleus in middle ear.  
 
Another group of biomaterials which were first adapted to be 
implanted in human body are austenitic steels, which are resistant 
to corrosion and are numbered among the group of metallic 
materials.  
One of the most recent trends in contemporary material 
engineering is application of powder metallurgy to obtain 
biomaterials for medical applications [3]. The goal of the 
investigations was to develop combined metallic and ceramic 
composites (austenitic steel 316L with different content of 
hydroxyapatite) and the analysis of density and shrinkage 
accompanied by the process of sintering. The applied method 
(powder sintering) allowed for obtaining materials with specific 
chemical constitution, structure and porosity.  
 
 
2. Material 
 
Materials used for the investigations included the following 
powders: 
  HA (Ca10(PO4)6(OH)2) with average particle size of 50 
micrometers, characterized by high degree of purity 
(over 99%wt.): Pb = 0.8ppm, As<1.0 ppm, Cd, Hg<0.1 
ppm and the ratio of Ca/P = 1.67, 
  Water-atomized 316LHD powder with the composition 
given in Table. 1 
 
Table 1.  
Chemical composition of the material 
Powder C 
[%] 
Mo 
[%] 
Ni 
[%] 
Cr 
[%] 
Si 
[%] 
Mn 
[%] 
Fe [%] 
316LHD 0,025 2,2 12,3 16,7 0,9 0,1 balance 
 
 
After homogenization of the mixtures of the selected 
compositions, the powders were compacted and dried in a 
laboratory drier. Axial compaction was employed, i.e. the method 
which allows for compaction of loose powders with humidity up 
to 8%. Compaction process was carried out in hard, stiff, metal 
die with very smooth walls, using external pressure of 255 MPa.  
The employed method of moulding through compaction 
demonstrates a number of advantages, e.g. application of this 
method allowed for obtaining high degree of densification in 
moulded pieces and also permitted moulding these pieces from 
non-plastic mass (ceramic powder). Moreover, the method 
allowed for moulding pieces with good technological properties: 
high accuracy of dimensions, sharp edges.  
As a result of the operations, the moulded pieces with the 
following nominal dimensions were obtained: φ=30mm, h=5mm. 
The following powder compositions were prepared:  
  100 %316L,  
  90%316L + 10%HAp,  
  80%316L + 20%HAp,  
  70%316L + 30%HAp,  
  60%316L + 40%HAp,  
  50%316L + 50%HAp. 
 
The moulded pieces were subject to sintering in vacuum at the 
temperature of 1200
oC for one hour.  
 
 
3. Results 
 
One of the most important problem concerning the process of 
compaction and its efficiency is the shape of the applied powders. 
Hydroxyapatite powder was of spherical shape, whereas steel 
powder showed dendritic shape. In consideration of the fact that 
considerable difference in the size of both powders would lead to 
segregation during compaction, giving in consequence a 
heterogeneously compacted product, comparable sizes of both 
powders were selected (mean particle size of around 50μm). 
Table 2 presents geometrical dimensions of moulded pieces 
before and after sintering 
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Table 2.  
Geometrical dimensions of moulded pieces and sinters 
dimensions in 
moulded pieces, 
mm 
Dimensions in 
sinters, mm 
Share 
of 
HAp 
phase  diameter height diameter height 
Shrinkage, 
% 
0  30.1 5.55 29.3 5.40  7.8 
0  30.1 5.55 29.4 5.40  7.2 
0  30.1 5.55 29.3 5.40  7.8 
10  30.1 5.45 29.2 5.23  9.7 
10  30.1 5.45 29.2 5.25  9.4 
20  30.1 5.50 29.0 5.20  12.2 
20  30.2 5.50 29.0 5.25  12.0 
30  30.2 5.60 29.1 5.45  9.6 
30  30.2 5.60 29.1 5.45  9.6 
40  30.2 6.00 29.0 6.10  6.2 
40  30.2 6.00 29.0 3.10  6.2 
50  30.2 6.20 28.9 6.50  4.0 
50  30.2 6.20 28.9 6.50  4.0 
 
At first stage of the investigations for metallic and ceramic 
composites, apparent and relative densities in moulded pieces 
before and after sintering were determined. Figures 1 and 2 
present, respectively, changes in apparent density in composites 
based on steel before and after the process of sintering and 
changes in relative density in composites after sintering.  
 
 
Fig. 1. Apparent density in 316L/HAp composites before and 
after sintering 
 
 
Fig. 2. Relative density in 316L/HAp composites after sintering 
 
Analysis of the obtained results reveals that with an increase 
in addition of HAp phase in composite, the value of apparent 
density in moulded pieces and sinters decreases, which should be 
associated with the difference in densities of the introduced 
powders (ρHAp= 1,5g/cm
3;  ρ316L= 3,0g/cm
3). Furthermore, the 
difference in densities of moulded pieces and sinters for 
individual composites also seems to be interesting. This value 
increases up to 20% HAp in composites (from 0.4÷0.6 g/cm
3), 
whereas for the composites below 20% the difference decreases 
(from 0.4÷0.1 g/cm
3). The highest relative density was observed 
in the composites with 20% HAp (99.06% of theoretical density). 
From the standpoint of their application, analysis of volume 
shrinkage in metallic and ceramic composites obtained by means 
of powder metallurgy is of particular importance. Therefore, 
volume shrinkage which was observed after sintering was also 
determined. Based on the obtained results, mean values and 
confidence interval were defined at the level of significance of α = 
0.05 for the studied samples. The results were analysed with the 
composites divided into two ranges: up to the content of 20%HAp 
(Z1 range) and 20-50%HAp (Z2 range). 
Confidence intervals for individual ranges were determined as 
given by the following formula (1): 
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tα – t-Student boundary statistics for n-2 degrees of freedom 
at the level of significance α=0.05.  
Linear correlation coefficients r
2
Z1 = 0.979 and r
2
Z2 = 0.993 
point to strong linear relationship between the content of HAp 
powder and the shrinkage in sinter. In order to test significance of 
the calculated correlation coefficients, t-statistics is given by (2): 
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These statistics accounted for individual ranges, respectively, 
tz1=15.3 and tz2=29.9. 
The adopted level of significance amounted to α=0.05. For 
the given α and n-2 degrees of freedom, boundary statistic from 
Student t-distribution accounts for tα=2.44. Since t> tα, one can 
assume that the calculated correlation coefficient is significant. 
Furthermore, a regression line was determined by means of least 
squares method.  
Assuming similar level of significance α, confidence interval 
was determined for the regression lines. Significance of 
regression line coefficients was first calculated by determination 
of the statistics  a t  and  b t  based on the formulas (3) and (4): 
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where:  r S  is residual standard deviation given by the formula (5): 
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whereas  i y ˆ is the value of the function determined from 
regression equation.  
 
The calculated values for the parameters ta, tb are greater than 
boundary statistic tα. 
Confidence intervals for gradients of the lines were 
determined using the equation (6):  
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For Z1 and Z2 ranges, confidence intervals amount to, 
respectively: (0.17; 0.27) i (-0.31;-0.26). 
Using boundary values for confidence corridor (6), two 
additional lines, referred to as asymptotes of confidence interval, 
were determined for each of the analysed ranges of HAp contents 
(7), (8) (Table 2). 
 
 
Table 2.  
Equations for asymptotes for individual ranges of HAp volume 
contents  
Range of HAp content  Asymptote equation   
Z1 – (0-20)% HAp  y = 0.17x + 7.85 
y = 0.27x + 7.18  (7) 
Z2 – (20-50)% HAp  y = -0.31x + 18.80 
y = -0.26x + 17.15  (8) 
 
Last stage in regression analysis was to determine curves for 
confidence intervals for regression line presented in Fig. 3. 
The determined equations for both Z1 and Z2 ranges allow for 
an accurate evaluation of shrinkage in 316L+HAp composites. 
The shrinkage obtained during sintering is the result of e.g. 
volume diffusion, diffusion in particle borders and surface 
diffusion.  
In order to determine the value of strength properties, 
microhardness tests were carried out. Measurements of hardness 
were taken by means of Microhardness Tester FM-7 with the load 
of 50g. Values of hardness for the developed composites were 
presented in the form of diagram in Fig. 4.  
The highest microhardness was obtained for sinters with 
addition of 20% of HAp, thus for the sinter which is characterized 
by the highest relative density and the highest value of volumetric 
shrinkage.  
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Fig. 3. Correlation chart with confidence interval for sinters 
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Fig. 4. Microhardness of 316L/HAp composites 
 
 
4. Summary 
 
In the aspect of application of 316L/HAp composites for 
medicine, it is of essential importance to accurately determine a 
percentage content of HAp phase in the mixture, which allows for 
maintaining invariable and expected dimensions of implants after 
the process of sintering.  
Values of microhardness and different tendencies observed 
for the ranges of shrinkage value suggest the impact of addition of 
hydroxyapatite phase on the microstructure and phase 
composition in individual composites.  
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